Abstract-We have measured the rates of chemical diffusion of Mg in calcite and Ca in magnesite and used these new data to constrain the formation temperature and thermal history of carbonates in the Martian meteorite ALH84001. Our data have been collected at lower temperatures than in previous studies and provide improved constraints on carbonate formation during relatively low-temperature processes (Յ400°C). Measured log D 0 values for chemical diffusion of Mg in calcite and Ca in magnesite are Ϫ16.0 Ϯ 1.1 and Ϫ7.8 Ϯ 4.3 m 2 /s and the activation energies (E A ) are 76 Ϯ 16 and 214 Ϯ 60 kJ/mol, respectively. Measured diffusion rates of Mg in calcite at temperatures between 400 and 550°C are substantially faster than expected from extrapolation of existing higher-temperature data, suggesting that different mechanisms may govern diffusion of Mg at temperatures above and below ϳ550°C.
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We have used these data to constrain thermal histories which will allow the ϳ1 m variations in Ca-Mg composition in ALH84001 carbonates to survive homogenization by diffusion. Our results are generally consistent with models for formation of carbonates in ALH84001 at low temperatures. For initial cooling rates of between ϳ10 Ϫ1 and 10 3°/ Ma our results demonstrate that carbonates formed at temperatures no higher than 400°C and most probably less than 200°C. This range of cooling rates is similar to those observed within the terrestrial crust, and suggests that formation of the carbonates by igneous, metamorphic or hydrothermal (or other) processes in the Martian crust most plausibly occurred at temperatures below 200 to 400°C. Models that suggest ALH84001 carbonates formed during a Martian impact event are also constrained by our data. The thermal histories of terrestrial impact structures suggest that cooling rates sufficiently rapid to allow preservation of the observed carbonate zoning at formation temperatures in excess of 600°C (Ͼϳ10 7°C /Ma) occur only within the uppermost, melt-rich portions of an impact structure. Material deeper within the impact structure (where cooling is dominated by uplifted crustal material and where much of the formation of hydrothermal minerals is concentrated) cools much slower, typically at rates of ϳ10 2 to 10 3°/ Ma. Carbonates formed within this region would also only preserve ϳ1 m compositional zoning at formation temperatures of less than ϳ200 to 400°C. Copyright © 2001 Elsevier Science Ltd
INTRODUCTION
An important test of the hypothesis that Martian meteorite ALH84001 contains the fossil remnants of an ancient Martian biota (McKay et al., 1996) is posed by the formation temperature and thermal history of the carbonate minerals associated with the proposed biomarkers. Terrestrial microbial life is known to occur at temperatures between Ϫ10 to 113°C (Golden et al., 2000 and references therein) ; if it can be demonstrated that carbonates in ALH84001 formed at temperatures outside this range, then it is unlikely that these minerals formed in association with a terrestrial-like biota. However, before the temperature of carbonate formation can to be used to assess the possible presence of ancient Martian life in ALH84001, there is a need for robust and unequivocal estimates of that temperature. Unfortunately, there is little present agreement on the temperature of formation of carbonate minerals in ALH84001. Current estimates, based on a variety of techniques including textural interpretation, phase equilibrium, stable isotope geothermometry, paleomagnetism, and diffusion modeling range from ϳ0 to Ͼ650°C (see summary in Table 1 ). In addition, many temperature estimates are model-dependent and rely on assumptions about chemical and isotopic equilibrium and closed versus open-system behaviour.
In this study we have measured the rates of Mg and Ca diffusion in carbonate minerals and used these new data to constrain the formation temperature and thermal history of ALH84001carbonates. The carbonate "rosettes" in ALH84001 that host the putative biomarkers are chemically zoned and exhibit compositional heterogeneity on the submicron scale (e.g., Cooney et al., 1999; Schwandt et al., 1999) . Zonation is evident as Mg-rich rims grading to Ca-and Fe-rich cores, and also by more marked changes in Mg, Fe and Ca concentrations over shorter length scales (e.g., Harvey and McSween Jr., 1996; McKay and Lofgren, 1997; Schwandt et al., 1999; Scott et al., 1998; Treiman, 1995; Treiman and Romanek, 1998) . Short length-scale compositional variations occur adjacent to the Mg-rich rims of the rosettes as well as in intermediate locations and represent dramatic compositional gradients-with changes exceeding 10 mol cation % over distances of ϳ1 m (Scott et al., 1997; Scott et al., 1998) . Recent high-resolution field emission SEM images and micro-Raman studies confirm the indications from electron probe analyses that carbonates are heterogeneous over very short length scales (Cooney et al., 1999; Schwandt et al., 1999) and demonstrate that the variations in composition measured by the electron probe are not due to small inclusions of magnetite or other minerals.
Given an appropriate thermal history (i.e., if temperatures are hot enough for long enough), cation diffusion will act to homogenize chemical variations Sheng et al., 1992) . Thus the observation that compositional variations in ALH84001 carbonates occur at the ϳ1 m scale can be used in combination with the rates of cation diffusion to constrain the formation temperature and thermal history of ALH84001 carbonates.
We have experimentally measured the rates of chemical diffusion of Ca in magnesite and Mg in calcite and the rate of self-diffusion of Mg in magnesite. Although our approach is similar to that used in a recent study by , one important difference is that our experimental design enables us to measure much slower diffusion rates, as low as 10 Ϫ25 m 2 /s, and to perform experiments at temperatures as low as 400°C (compared to 550°C in previous studies; . This approach reduces errors associated with the down-temperature extrapolation required for calculations in the 100 to 400°C temperature interval and is particularly important for calculations involving Mg diffusion in carbonates, as this is unexpectedly fast at temperatures below ϳ550°C. Overall, our results provide a substantial refinement of the temperature constraints that can be placed on the formation of carbonates in ALH84001.
We also note that although ALH84001 carbonates also contain a substantial amount of Fe, experimental difficulties (predominantly the instability of the Fe-rich carbonates siderite and ankerite under our experimental conditions) prevented us from obtaining data on cation diffusion rates in Fe-rich carbonates. These data are a future goal for our experimental program.
To avoid confusion, we have applied the following usage in our discussion of diffusion in carbonates (cf. Watson, 1994) : Chemical diffusion refers to that which occurs in the presence of a chemical gradient, whereas self-diffusion is that which occurs without a chemical gradient.
EXPERIMENTAL METHOD
The chemical diffusion rates of Ca and Mg in carbonates were measured using a simple powder source technique similar to that described by Cherniak (1997; . Selected cleavage fragments of natural calcite (CH-1 from Chihuahua, Mexico) and magnesite (from Brumado, Brazil) were placed in platinum capsules together with dried analytical-grade powder of the appropriate composition (CaCO 3 for magnesite, MgO and MgCO 3 for calcite). The chemical compositions of magnesite and calcite used for our experiments are given in Table 2 . All diffusion measurements were made using natural (1011) cleavage surfaces of calcite and magnetite. Carbonate cleavage fragments were not preannealed before experiments, and although no specific effort was made to determine if crystallographic orientation has an observable (Kronenberg et al., 1984) and Ca self-diffusion between 700 to 900°C (Farver and Yund, 1996) . For calcite ϩ MgO experiments a small amount of CaCO 3 powder was also added to the capsule to enhance stability of the calcite surface (Cherniak, 1997; Cherniak, 1998) . Packed capsules were dried in a vacuum oven at 60°C overnight and sealed in evacuated silica glass tubes before being annealed in Thermolyne TM muffle furnaces for periods ranging from 24 h to 150 d. Type-K chrome/alumel thermocouples were used to monitor temperatures throughout the experiments, and the temperature uncertainty is estimated at less than Ϯ3°C.
After annealing, samples were quenched by removal of the silica tubes from the furnace. After cooling, carbonate fragments were removed from the silica tubes and the platinum capsules and rinsed separately in both distilled H 2 O and in ethanol in an ultrasonic bath for 5 to 10 min to remove any adhering powdered source material. Annealed minerals were mounted with double-sided carbon tape on glass discs and gold coated. Mineral surfaces were first examined for any evidence of breakdown or residual source material using the SEM and optical microscope and then analyzed with the ion microprobe. Within a given experimental system the upper temperature bounds mark the limit of stability of the carbonate cleavage faces (see below). The lower temperature bounds in CaCO 3 ϩ magnesite and MgO ϩ calcite experiments represent the minimum temperatures at which measurable diffusion gradients could be generated under convenient laboratory time scales.
We report data from a total of 39 diffusion experiments. Experiments were annealed at temperatures of 400, 450 and 500°C for magnesite ϩ CaCO 3 powder and 400, 450, 500, 550, and 600°C for calcite ϩ MgO powder. To examine the possible effects of differences in diffusant composition, experiments were also run at 400, 450 and 500°C using MgCO 3 powder as the diffusant source for Mg chemical diffusion in calcite and at 450°C using 26 MgO powder to measure the rate of Mg self-diffusion in magnesite. In addition, as a test of the veracity of our experimental technique, both time series, where experiments are run over a range of times for a given temperature, and zero time experiments for MgO ϩ calcite and CaCO 3 ϩ magnesite were also performed. For the zero time experiments diffusion couples were brought up to the experimental temperature for ϳ5 min and then quenched.
Diffusion profiles were analyzed with a modified Cameca ims-3f ion microprobe, using a 16 O Ϫ primary ion beam with 17 keV impact energy and ϳ1 to 10 nA current. To provide adequate depth resolution and ensure uniform sputter rates, the primary ion beam was rastered over a 100 ϫ 100 m area. To avoid crater-edge effects an aperture, inserted in the sample image plane, allowed only secondary ions originating from an ϳ30 m diameter region in the center of the rastered area to enter the mass spectrometer. The mass spectrometer was tuned to accept only high energy secondary ions by offsetting the accelerating voltage by Ϫ80 V relative to the voltage at which the intensity of 16 O ϩ dropped to 10% of its maximum value on the low energy side of the energy distribution. The width of the energy slit was adjusted to accept secondary ions over a ϳ40 eV bandpass. (with count times of 1-2 s per mass) using low mass resolving power (m/⌬m of ϳ500). The measured ion intensities were corrected for counting system deadtime, taking into account the instantaneous count rate. Analysis times were converted to progressive depth from the mineral surface via measurement of the depth of the final rastered crater with a Dektak TM stylus profilometer and assuming a constant sputter rate. The overall accuracy of this measurement varied with surface roughness and crater depth but is estimated to be better than Ϯ5 to 10% relative; the uncertainty in crater depth is not a significant contributor to the uncertainty in the calculated diffusion coefficients.
A slightly modified analytical protocol to that described above was used for the analysis of the 26 Mg isotopic tracer experiments. To resolve the isobaric interference of 24 MgH ϩ on 25 Mg ϩ and to obtain better precision of Mg isotopic ratios, samples were analysed using a mass-resolving power of ϳ2600 and no energy filtering, i.e., secondary ions energies of 15 Ϯ 40V.
Diffusion coefficients for each experiment were calculated by performing a least-squares regression using the normalized 25 Mg, 26 Mg or 42 Ca depth profiles to the solution of Fick's diffusion equation for diffusion from a semi-infinite medium (1)
where C x is the concentration at depth x, C o is the initial concentration in the calcite, C 1 is the concentration at the crystal surface, D is the diffusion coefficient and t is the duration of the anneal. Mg ϩ profile was used. The formal solution to Eqn. 1 requires the sample surface to be well defined in terms of both the concentration of the diffusant and position relative to the measured depth profile. In practice the surface concentration of the diffusant is approached asymptotically, making it difficult to determine accurately. Small amounts of adhering diffusant source material can also give erroneously high surface concentrations. To minimize these problems, the surface concentration was estimated iteratively by adjusting the value to minimize the reduced chi-squared statistic for the least-squares fit; typically, the chi-squared values ranged from 1 to 4. A more extensive discussion of this protocol is given by Ryerson and McKeegan (1994) .
The surfaces of all mineral fragments used for diffusion experiments were examined after annealing and ultrasonic cleaning by optical and/or scanning electron microscopy for evidence of dissolution or degradation. Alteration of the mineral surface was apparent as small, Ͻ1 to 5 m diameter, regularly spaced pits in the cleavage surface. Based on these observations, we established upper limits to the temperatures at which the host mineral remained stable in the presence of the diffusant source. The limit of surface stability for calcite ϩ MgO experiments was ϳ600°C, for magnesite ϩ CaCO 3 experiments ϳ550°C, and for magnesite ϩ 26 MgO experiments ϳ500°C. At the temperatures for which surface alteration was apparent in a given experimental system, the degree of alteration appeared to be an approximate function of anneal time, with short-duration experiments showing little or no sign of alteration, whereas longer duration experiments produced significantly altered mineral surfaces. For one calcite ϩ MgO experiment annealed for 26.4 h at 600°C, several parts of the host crystal appeared to have experienced no detectable alteration, although elsewhere on the same crystal fragment alteration was readily visible. Data from the analysis of one of these "unaltered" regions is given in Table 3 and used herein under the proviso that this experiment may have been affected by incipient surface alteration. Compositions given in oxide wt.%. Carbonate compositions measured with a JEOL-733 electron microprobe, using a 10 nA, 20 m diameter electron beam and an accelerating voltage of 15 kV. Count times for all elements were 60 s. Natural carbonates were used for elemental standards. CO 2 contents were calculated by difference assuming an oxide total of 100%. 313 Formation temperature of ALH84001 carbonate
RESULTS
Data from two typical SIMS depth profiles are shown in Figure 1 . The results of the diffusion experiments are given in Table 3 together with the corresponding experimental conditions and are shown graphically in Figures 2 and 3 . The depth of the analysis craters varied between ϳ100 and 5000 nm. Replicate analyses show that the reproducibility of a measured diffusion coefficient for a given experiment is Ϯ ϳ 0.2 log units (Table 3) . However, the overall reproducibility for all experiments conducted at a given temperature is generally Ϯ ϳ 0.4 log units (1 ; Table 3 ). This uncertainty is taken to be representative of all the individual diffusion measurements, and is similar to the variability reported in other experimental studies of diffusion in calcite (e.g., (Cherniak, 1997; . One exception is the measured diffusion rate of Ca-in-magnesite at 450°C, which has a higher standard deviation of 0.82 log units (Table 3 ). The reason for the higher standard deviation for these particular experiments is uncertain but may be partly due to shorter (and thus more difficult to measure) diffusion profiles in Ca diffusion experiments.
The results of the zero time experiments are also shown in Figure 1 . In this figure the measured zero time profiles for the 25 Mg ϩ / 42 Ca ϩ and 40 Ca ϩ / 25 Mg ϩ ratios are compared to the diffusion gradients from the shortest duration and lowest temperature Mg and Ca diffusion experiments for which we report data (i.e., the experiments with the shortest diffusion profiles). (Fig. 1) . We are thus confident our diffusion measurements are not significantly effected by residual diffusant material present on the sample surface during analysis. The zero time experiments also allow us to estimate the smallest diffusion gradients that we can measure with our experimental protocol: for MgO ϩ calcite experiments the smallest measurable profiles are on the order of ϳ10 to 15 nm, whereas for CaCO 3 ϩ magnesite profiles as small as 5 nm can be measured (Fig. 1) .
The results of time series experiments are shown in Figure 2 .
For all temperatures examined, and for anneal times that vary by up to a factor of ϳ5 for the 400, 450 and 500°C experiments and ϳ1.5 for the 550°C experiments, there is no consistent (Fig. 2) . This absence of variation suggests that the transport of Ca and Mg is dominated by a single mechanism, lattice diffusion, over the range of time scales investigated.
Our data for Mg and Ca diffusion are plotted on an Arrhenius plot in Figure 3 . Collectively, data for Ca diffusion in magnesite and Mg diffusion in calcite form separate, negativelysloped arrays on this plot, suggesting that the rates of diffusion of Mg and Ca in carbonate minerals are substantially different over this temperature interval. The Arrhenius parameters, activation energy (E A ) and preexponential factor (D 0 ), were determined by a weighted least-squares fit to the individual measured diffusivities (as opposed to the average values) at each temperature. The arrays for Mg-in-calcite and Ca-in-magnesite diffusion correspond to respective activation energies (E A ) of 76 Ϯ 16 and 214 Ϯ 60 kJ/mol and log D o values of Ϫ16.0 Ϯ 1.1 and Ϫ7.8 Ϯ 4.3 m 2 /s. The quality of the fit of the data to linear arrays on the Arrhenius plot again suggests that a single transport mechanism dominates the chemical diffusion of Ca and Mg over the examined temperature range. The Arrhenius parameters obtained for Mg-in-calcite diffusion remain essentially unchanged if the single data point from the diffusion experiment at 600°C is removed (log D o ϭ Ϫ16.9 Ϯ 2.6 and E A ϭ 63 Ϯ 14 kJ/mol). As discussed above, this experiment may have been subject to incipient surface alteration.
The measured Mg diffusion rates appear independent of the composition of the diffusant source, as Mg diffusion rates determined using MgO and MgCO 3 as diffusant sources are within analytical uncertainty of each other at 500, 450 and 400°C (Fig. 2, 3 ). In addition, the array defined by the three MgCO 3 -source experiments corresponds to E A and D o values (117 Ϯ 36 and Ϫ12.8 Ϯ 2.6) that are within error (1) Fig. 3 ).
DISCUSSION

Diffusion Rates of Ca and Mg in Calcite and Magnesite
Our measured rates of chemical diffusion of Mg in calcite agree well with the data reported by for self-diffusion of Mg in calcite between 600 and 550°C (Fig. 3A) . However, at lower temperatures our diffusion rates are substantially faster (between 2-3 orders of magnitude at 400°C) than predicted from simple down-temperature extrapolation of their results. Our calculated activation energy for Mg diffusion in calcite between 600 to 400°C (76 Ϯ 14 kJ/mol) is also substantially different from the 284 Ϯ 74 kJ/mol value reported by for Mg diffusion in calcite between 550 and 800°C.
The distinct change in the slope of the Arrhenius array for Mg diffusion in calcite between our data and those of indicates that a substantial difference in the measured activation energy exists between the two data sets (as well as significantly different rates of Mg diffusion when the data of are extrapolated to 400°C). This difference could be related to differences in experimental technique (i.e., measurement of the rates of selfdiffusion using isotopic tracers sputtered onto the mineral surface, compared to measurement of chemical diffusion from a powder source). However, given that the diffusion rates for Mg measured at 600 and 550°C by both studies are within analytical error of each other (Fig. 3) , the observed difference in measured activation energies may also indicate that different transport mechanisms dominate Mg diffusion in calcite at temperatures above and below ϳ550°C. Fig. 3 . A. Arrhenius plot showing our data for diffusion of Mg in calcite and magnesite and Ca in magnesite. Symbols are the same as for Figure 2 and are also shown in the accompanying legend. Representative Ϯ1 error bars are shown at the bottom left. Data for Ca and Mg self-diffusion in calcite from Farver and Yund (1996) ("F&Y 96") and Cygan (1999) ("F&C 98") are also shown by the labeled thin solid lines. Thin dashed line shows the least squares best fit for MgCO 3 -source Mg diffusion data, solid dashed line shows best fit for all our Mg diffusion data collected in this study and solid thick line shows the best fit for our Ca diffusion data. B. Comparison of our data for Mg and Ca diffusion with data for diffusion of REE, Sr, Pb, and O (additional data from Cherniak, 1997; Farver, 1994; Kronenberg et al., 1984) . speculated that higher diffusivity of Mg in calcite at temperatures below 550°C (their lowest experimental temperature) would be consistent with a change from an intrinsic diffusion process to an extrinsic diffusion process (or processes) at lower temperatures. While our results are consistent with this suggestion, we note that, similar changes in activation energy at ϳ550°C are not observed for diffusion of Ca in magnesite (Fig. 3) or for several other cations (Sr, Pb, REE) or O in calcite (Cherniak, 1997; Farver, 1994) .
One potential explanation for the differences in diffusivities and activation energies between our Mg diffusion data and those of is that they reflect differences in the composition of the diffusant source material (in this case oxide for the majority of our Mg diffusion experiments and for the experiments of and carbonate for our Ca diffusion measurements). The composition of the source material used in diffusion experiments can potentially influence surface defect characteristics and thus may affect the measured rates of diffusion. Although the majority of our data for Mg diffusion in calcite is from MgO-source experiments, we have tested the possible effect of variations in diffusant source composition by also conducting experiments using MgCO 3 powder as the diffusant for Mg diffusion in calcite. Our results suggest that no significant difference exists between Mg diffusion data derived from MgO-source and MgCO 3 -source experiments ( Figs. 2, 3 ) and the regression of data from the three MgCO 3 experiments produces E A and D o values that are within analytical error of the values calculated from the regression of MgO-source diffusion data. In addition, the diffusivities for Mg measured at 450 and 400°C using MgCO 3 as a diffusant source are substantially faster than both the measured rates of Ca diffusion (using CaCO 3 as a source) from our study and the extrapolated diffusivities of Mg from the study of . These data suggest that the rate of Mg diffusion is independent of the choice of oxide or carbonate powder for source material and that the differences in activation energy and diffusivity that we observe between Ca and Mg may be a fundamental feature of diffusive transport in carbonate minerals.
An alternate explanation for the differences between our data and those of is the possibility that these could be due to different concentrations of minor elements in the calcites used for experiments. This possibility requires further investigation. Variations in the concentrations of Mn in calcite have been observed to have a marked effect on the rate of self diffusion of O (Kronenberg et al., 1984) , although the same study found that the diffusion rate of C appeared to be unaffected by the Mn concentration. We note that although we have used calcite from the same locality (Chihuahua, Mexico) as for our experiments, the MnO contents measured by us (0.19 Ϯ 0.02 wt.%) are much greater than the ϳ0.02 wt.% MnO reported by Fisler and Cygan (1999) . In addition, the concentration of FeO in the calcite used for our experiment is also greater (0.10 compared to 0.02 wt.%) than that reported by Fisler and Cygan (1999) . This could also have an effect on rates of cation diffusion. If Mg diffusion below 550°C is an extrinsic process governed by the density of Fe-based defects, diffusion would be expected to be faster at higher FeO concentrations.
The rates of chemical diffusion of Ca in magnesite determined here are essentially indistinguishable from the rates of self-diffusion of Ca in calcite indicated by the down-temperature extrapolation of the diffusivities measured by (Fig. 3) . The activation energy for chemical iffusion of Ca in magnesite between 400 to 500°C determined here, 202 Ϯ 51 kJ/mol, is within analytical uncertainty of the 271 Ϯ 80 kJ/mol activation energy for self-diffusion of Ca in calcite reported by . Both the activation energy and the diffusivity of Ca measured by us and by distinct from the corresponding values for self-diffusion of Ca in calcite measured at temperatures of 700 to 900°C by Farver and Yund (1996) [E A ϭ 382 Ϯ 37kJ/mol]. suggested that this discrepancy may be the result of Ca diffusion occurring via a different mechanism at the relatively high temperatures (700 -900°C) investigated by Farver and Yund (1996) .
Constraints on the Thermal History of ALH84001 Carbonates
Application of our data to investigate the thermal history of ALH84001 requires that the chemical diffusion rates that we have measured in calcite and magnesite are representative of the diffusion rates of Ca and Mg in the carbonate minerals in ALH84001. The removal of zoning and heterogeneity in the Ca-Mg composition of carbonates by diffusive transport requires that both Ca and Mg diffuse simultaneously within the carbonate lattice. Assuming that this is a binary diffusion process and that diffusion occurs with thermodynamically ideal mixing behaviour, the rate at which binary diffusion occurs is related to the self-diffusion rates of Mg and Ca by the following equation (Chakraborty, 1995) :
where D MgCa is the binary diffusion coefficient, X Mg , X Ca are the respective mole fractions of Ca and Mg and D* Mg , D * Ca are the respective self-diffusion coefficients for Mg and Ca.
Inspection of Eqn. 2 shows that for calcite, where X Ca approaches 1, the Ca-Mg binary diffusion coefficient will be Ϸ D* Mg . This approximation is confirmed by the similarity between the measured rates for the self-diffusion of Mg in magnesite and chemical diffusion of Mg in calcite at 450°C (Table 3, Fig. 3) . Similarly, for magnesite the Ca-Mg binary diffusion coefficient (which for a Mg-rich carbonate is the same as the rate of chemical diffusion of Ca) will be ϷD* Ca . Thus, the rates of chemical diffusion of Mg in near-pure calcite and Ca in near-pure magnesite (which are measures of the rates of Mg-Ca interdiffusion in each mineral) are approximately the same as the rates of self-diffusion of Ca and Mg. For carbonates containing both Ca and Mg, the binary diffusion coefficient will have an intermediate value, and the rate at which cation diffusion will remove Mg-Ca compositional differences in carbonates may reasonably be expected to fall within the bounds calculated from the measured rates of chemical diffusion of Ca in magnesite and Mg in calcite . 317 Formation temperature of ALH84001 carbonate For ALH84001, we believe that the rate of chemical diffusion of Mg in calcite provides the most stringent constraint on the formation temperature of carbonates. Mg diffusion is much more rapid than that of Ca and thus in Ca-rich carbonates, where the binary diffusion coefficient is dominated by the Mg diffusivity, the most stringent temperature constraints on the formation temperature of ALH84001 carbonates will be provided by Mg diffusivity. Carbonate compositions in ALH84001 vary considerably. Ca-rich carbonates are known to occur (Harvey and McSween, 1996; Scott et al., 1998) and, importantly, are associated with fine-scale compositional zoning and are juxtaposed with other composition carbonates on the ϳ1 m scale (e.g., Fig. 2 in Scott et al., 1997) .
A simple treatment of our data shows that the diffusion rate of Mg in calcite is sufficiently fast at temperatures of 400°C that it is unlikely that short-length scale differences in Mg or Ca concentration could survive in Ca-rich carbonates that formed at or above this temperature. This is shown in Figure 4 , where we plot the measured diffusion profile for Mg in calcite annealed at 400°C for 94 d (experiment A2). Using the diffusion coefficient calculated from this experiment (D o ϭ 1.43 ϫ 10 Ϫ22 m 2 /s) and Eqn. 1, we have calculated and plotted the diffusion profiles that would result from continued annealing of this experiment at 400°C for 10, 100 and 1000 yr. The initial step function in Mg composition (i.e., the t ϭ 0 Mg concentration profile) is quickly flattened and removed over the 1 m distance (similar to the observed length scale of zoning observed in ALH84001) used for the x-axis, even over the geologically short durations (10 -1000 yr) used for the calculation. The only assumption required in this treatment is that the chemical diffusion rate of Mg in calcite determined experimentally reflects the rate at which Mg-Ca compositional differences would be removed by diffusion at 400°C in Ca-rich carbonate in ALH84001. This simple analysis suggests that carbonates in ALH84001 have not experienced temperatures of 400°C or greater for periods of time exceeding 100 yr. We conclude that if the ALH84001 carbonates formed at temperatures greater than 400°C, they must have cooled extremely rapidly to preserve the observed variations in Mg concentration.
To investigate further the relationship between formation temperature, cooling rate and survival of short length-scale chemical zonation in ALH84001 carbonates over a more realistic range of thermal histories, we consider the case of monotonic cooling from a maximum initial temperature (Ganguly et al., 1994; Kaiser and Wasserburg, 1983; Sheng et al., 1992) . From the formulation of (Sheng et al., 1992) :
where x is the minimum distance over which carbonate will preserve Mg-Ca compositional differences, T o is the initial formation temperature, D(T o ) is the diffusivity at T o , r o is the initial cooling rate at T o , E A is the activation energy and R is the gas constant. Application of Eqn. 3 requires that the term E/RT o is ϾϾ 1 (for Mg diffusion in calcite with T 0 ϭ 600°C this term is ϳ10) and that the cooling history following formation at temperature T o is linear in 1/T. For conductive cooling following an initial formation temperature or decay of a transient thermal spike, the latter assumption will be approximately true (Dodson, 1973) . The results of our calculations are shown in Figure 5 , where we plot the length scale over which Ca-Mg heterogeneity would survive as a function of the cooling rate and temperature at the time of formation of the host mineral. For calculations based on the diffusion of Mg in calcite we have plotted three curves, representing formation temperatures of 200, 300 and 600°C. For comparison, we have also plotted two curves using the Mg diffusion data of and formation temperatures of 450 and 600°C. For calculations based on the rate of Ca diffusion in magnesite we have plotted a curve representing a formation temperature of 400°C. As Sheng et al. (1992) . Thick solid lines represent formation temperatures of 600, 300 and 200°C, calculated using our data for Mg diffusion in calcite. The thin solid line represents an initial formation temperature of 400°C, calculated using our data for Ca diffusion in magnesite. Dashed lines represent formation temperatures of 450 and 600°C, calculated from the Mg self-diffusion data of . The area below each line represents the conditions under which carbonate compositional heterogeneity would survive homogenization from diffusion during cooling from the given formation temperature. discussed above, the rate of Mg diffusion in calcite controls the rate at which Mg-Ca compositional variations in Ca-rich carbonates will be removed by diffusion and, as Mg diffusion is considerably faster than Ca, provides the most stringent constraint on the formation temperature. In Mg-rich carbonate the rate at which Mg-Ca compositional variations can be homogenized by diffusion is determined by the slower rate of Ca diffusion, and calculations based on Ca diffusion in magnesite will provide an upper limit for the formation temperature. The curves in Figure 5 illustrate the relationship between the initial cooling rate and the characteristic diffusion distance for a large range of potential cooling rates (10 orders of magnitude) and form a basis for evaluating the role of different processes in the formation of ALH84001 carbonates.
In Figure 5 we have highlighted the range of cooling rates known from rocks that cool within the terrestrial crust (ϳ0.1-500°C/Ma), with the slowest rates equivalent to those experienced by stable Archaean crustal regions (e.g., Kent, 1994 ) and the fastest rates from rapidly uplifted terranes such as metamorphic core complexes (Baldwin et al., 1993) . We believe that this range approximates the range of cooling rates that would expected to be associated with igneous, metamorphic, tectonic, hydrothermal or other processes within the Martian crust. The special case of carbonate formation during and after an impact event is dealt with separately below.
From Figure 5 it is apparent that the rate of Mg-Ca diffusion in Ca-rich carbonates is sufficiently rapid that preservation of ϳ1 m scale Mg-Ca compositional heterogeneity in carbonates formed at temperatures of 600°C or greater would require an initial cooling rate of at least ϳ10 7°C /Ma. Lowering the formation temperature to ϳ300°C still requires cooling rates considerably faster than those known from within the terrestrial crust. Formation temperatures of ϳ200°C or less are required to preserve the 1 m scale Mg-Ca zoning in Ca-rich carbonates in ALH 84001 for the range of cooling rates known from within the terrestrial crust. For Mg-rich carbonates, calculations based on the rate of Ca diffusion indicate that formation temperatures of ϳ400°C or less are required to preserve 1 m Ca-Mg zoning. We thus conclude that if ALH84001 carbonates formed within the Martian crust, the carbonate formation temperatures did not exceed 400°C and were most plausibly below 200°C. These conclusions strongly favor models that involve lowtemperature processes for carbonate formation and place tighter constraints on the formation temperature of ALH84001 carbonates than previous studies . We note that the Mg diffusion data of , if used for a similar analysis, only require formation of ALH84001 carbonates at temperatures below ϳ450°C (Fig. 5) .
Carbonates formed during an impact event
Several authors have suggested that carbonate rosettes in ALH84001 formed at relatively high temperatures (ϳ600 -700°C) during heating and/or high temperature fluid circulation associated with a Martian impact event (Harvey and McSween, 1996; Scott et al., 1997; Scott et al., 1998) . Although the calculations discussed in the preceding section indicate that the formation of carbonates at temperatures of Ͼ600°C requires initial cooling rates in excess of 10 7°C /Ma (Fig. 5) , cooling rates following impact events may be substantially higher than those related to terrestrial tectonic processes (Crossey et al., 1994) , and it is possible that fine-scale compositional zonation in carbonates formed at temperatures of Ն600°C during an impact event could survive. In addition, petrographic observations of ALH84001 indicate that fine-scale chemical zoning in carbonates has survived at least one impact event, as finelyzoned carbonate grains are disrupted and offset in ALH84001 by impact-produced, plagioclase-composition melt glass (Shearer et al., 1999; Treiman, 1995; . Cooling rates following any impact or thermal event must have been fast enough to preserve the fine-scale carbonate zonation. Our data on cation diffusivities can still be used within the context of a monotonic cooling history to place some constraints on models that argue for formation of ALH84001 carbonates during impact events. Cooling rates (and thus the potential survival of fine-scale chemical zonation in carbonates) within impact zones during and after impact vary significantly depending upon the geometry of the structure and location within the impact structure (Crossey et al., 1994; McCarville and Crossey, 1996) . Studies of terrestrial impact sites have shown that rocks within impact structures, including those that like ALH84001 contain diaplectic and melt glasses (and thus reached peak temperatures of up to 800°C or more during impact; Grieve, 1987) , experienced relatively slow cooling after impact (Crossey et al., 1994) . This slow cooling is a result of postimpact rebound and uplift of basement rocks within the central region of an impact site. This causes lower crustal isotherms to move closer to the surface, and the postimpact decay of the resulting thermal anomaly then promotes relatively slow cooling compared to the uppermost melt-rich portions of the impact structure (Crossey et al., 1994) . For example, cooling rates within the lower portions of the Manson impact structure (peak temperatures of 600 -1000°C) were ϳ500 to 800°C/Ma (Crossey et al., 1994 )-similar to the fastest known terrestrial cooling rates associated with rapid tectonic uplift shown in Figure 5 . Only the uppermost, meltrich parts of the Manson structure experienced substantially faster cooling (ϳ 10 6 -10 7°C /Ma). Carbonate minerals formed within an impact structure, with the exception of those that may have formed within the relatively thin and rapidly cooled upper melt sheet, would be subject to the same thermal constraints shown in Figure 5 and are thus are unlikely to have formed at temperatures greater than 200 to 400°C.
In addition, carbonate minerals that form during an impact event are more likely to occur within the lower, more slowlycooled portions of an impact structure because it is this region that experiences the most intense hydrothermal activity (Allen et al., 1982; McCarville and Crossey, 1996) . In terrestrial environments the formation of carbonate minerals is common in hydrothermal circulation zones and many workers have suggested that carbonate rosettes in ALH84001 are also the result of hydrothermal processes (Table 1) . Studies of hydrothermal minerals and fluid inclusions from the Manson impact structure show that hydrothermal circulation within the uplifted central region occurred continuously from temperatures of Ͼ300°C, down to ambient temperatures (Boer et al., 1996; McCarville and Crossey, 1996) . 319 Formation temperature of ALH84001 carbonate
CONCLUSIONS
We have measured the rates of chemical diffusion of Ca in magnesite and Mg in calcite and applied these new data to a study of the formation temperature and thermal history of carbonates in Martian meteorite ALH84001. Measured log D 0 values for chemical diffusion of Mg in calcite and Ca in magnesite are Ϫ16.0 Ϯ 1.1 and Ϫ7.8 Ϯ 4.3 m 2 /s and the activation energies (E A ) are 76 Ϯ 16 and 214 Ϯ 60 kJ/mol, respectively. Diffusion rates of Mg in magnesite at temperatures between 400 to 550°C are substantially faster than expected from extrapolation of existing data, suggesting that different mechanisms may govern diffusion of Mg at temperatures above and below ϳ550°C.
Considerations of isothermal and slow cooling thermal histories for carbonates suggest that, for a range of cooling rates similar to those observed within the terrestrial crust, ALH84001 carbonates are likely to have formed at temperatures at least Ͻ400°C and most likely Ͻ200°C. This supports models involving low-temperature processes for carbonate formation.
In addition, evaluation of the range of thermal histories evident within impact structures suggests that carbonates formed within the lower parts of an impact structure would also have cooled at rates slow enough to restrict carbonate formation to temperatures below ϳ200 to 400°C.
